ABSTRACT: Size and shape criteria for guest binding inside the cavity of an octanuclear cubic coordination cage in water have been established using a new fluorescence displacement assay to quantify guest binding. For aliphatic cyclic ketones of increasing size (from C 5 to C 11 ), there is a linear relationship between ΔG for guest binding and the guest's surface area: the change in ΔG for binding is 0.3 kJ mol
■ INTRODUCTION
Self-assembled cages and capsules remain of intense interest because they provide straightforward synthetic access to complicated supramolecular assemblies with robust, welldefined three-dimensional structures. 1−5 In the field of coordination cages, appropriate combinations of metal ions and bridging ligands can result in large pseudospherical arrays of remarkable complexity, generally having structures based on high-symmetry polyhedral cores, 1 with large central cavities capable of binding neutral or ionic guests. 3, 4 Similarly, purely organic cages relying on covalent bonding or hydrogen bonding between components likewise have a well-developed host− guest chemistry associated with the confined space of the central cavity.
2, 5 The host−guest chemistry of such cages and capsules can be exploited in many ways, varying from fundamental studies of molecular recognition properties in confined environments to some remarkable examples of catalysis. 4 In this contribution, we analyze quantitatively the binding of neutral organic guests in the cavity of a water-soluble coordination cage. The number of studies that have looked in systematic detail at guest binding in coordination cagesto determine shape and size limitations and analyze factors that govern binding affinityare relatively sparse; in general it has been deemed sufficient to know that a specific target guest binds well or that a particular reaction is catalyzed. The types of non-covalent interaction leading to guest binding are of course well-known. Electrostatic interactions are readily identified in some cases as being responsible for guest binding, as shown by interactions of anionic guests with the vacant axial sites of Pd(II) ions in cationic cages. 6 Custelcean et al. 7 have prepared cages with an internally directed set of urea-based units that form strong hydrogen bonds with oxoanion guests, and Crowley's cisplatin-containing cage complex is also based on hydrogen bonding between the host and guest. 3h In aqueous solution, the hydrophobic effect is a driving force for binding of nonpolar guests, 8 and in some cases aromatic stacking between the host and guest is also present. 9 Nitschke recently used principal component analysis to disentangle the factors that determine the binding affinity of small organic guests in a family of tetrahedral coordination cages. 10 Rebek's work on hydrogen-bonded organic cages highlights the potential that systematic studies of families of host−guest complexes offer for understanding molecular recognition in supramolecular systems, with analysis of the binding of hydrocarbon guests resulting in the principle that, for optimal occupancy of the space in a cavity by guest molecules, the total volume of guests should be 55 ± 9% of the cavity volume (the "55% rule").
We recently studied guest binding in an octanuclear M 8 L 12 host cage with an approximately cubic structure and a central cavity with a volume of 407 Å 3 ( Figure 1 ). 12, 13 This cage is one of an extensive family of coordination cages that we have prepared, 14 and it has proven to be an effective host for organic guests with a coumarin-like bicyclic core as well as monocyclic analogues. We showed that the binding of a series of isostructural bicyclic guests in acetonitrile involved a polar interaction with a convergent set of CH protons on the interior surface of the cage that forms a well-defined binding pocket; there was a clear linear relationship between ΔG°for binding and the hydrogen-bond-acceptor parameter (β) of the guest.
12
In water, however, binding is dominated by the hydrophobic effect, with no contribution to ΔG°from polar interactions. 13 The most stable complex in these studies was the 2-hydroxyquinoline complex (amide tautomer) in water: ΔG°= −22.6 ± 0.5 kJ mol −1 and K = 9100 ± 2000 M −1
.
13
Given these promising binding properties, we decided to undertake a more extensive study of binding in the cavity of the cage using a series of related guests that contain the same polar functional group (a ketone) but differ in the size and shape of the alkane framework. Under the assumption that the polar interactions with the ketone group are similar across the series, the differences in binding affinity are related to (i) steric factors based on how well the guest fits in the cavity and (ii) hydrophobic factors based on the total nonpolar surface area of host and guest desolvated on binding.
15
To make such a survey of multiple guests, automated methods based on optical spectroscopy offer an attractive alternative to NMR spectroscopy for measuring association constants.
16 Accordingly, we developed an automated fluorescence displacement assay 17 for our cage system that allows a large number of guests to be evaluated in parallel. Fluorescence can be used to measure association constants in the range 10 Figure 1 ).
12−14 It was clear from our initial studies that the cavity inside the cubic cage is large enough to bind bicyclic organic guests such as coumarin (and related molecules of similar shape and size). 12, 13 In view of the strong fluorescence of some coumarin derivatives, this seemed to be a good place to search for guests that might act as fluorescent reporters of binding inside the cage cavity. The binding of coumarin derivatives is sensitive to the presence of even small substituents at some positions: the cage can tolerate substituents at the C4 position of coumarin that are smaller than an ethoxy group; small substituents (hydroxyl, but not methyl or larger) are tolerated at the C7 position, and C6 must be unsubstituted.
12 After testing various possible guests matching these criteria, we selected 4-methyl-7-aminocoumarin (MAC) as the fluorescent probe: it has an intense fluorescence maximum at 443 nm in water. 18 1 H NMR titration with the cage in water showed that MAC binds in slow exchange, 12, 13 although MAC is too poorly soluble at NMR concentrations to allow a reliable binding constant to be extracted. However, a fluorescence titration performed by adding portions of the host cage to a 10 −5 M solution of MAC showed that the MAC fluorescence is completely quenched as it is taken up into the cage (Figure 2 ), presumably by energy transfer from the excited state to the low-lying d−d states of the Co(II) ions. The 1:1 association constant determined from the fluorescence titration was 2.0(2) × 10 4 M −1 . To test the use of MAC in a fluorescence displacement assay, we performed experiments in which other guests, isoquinoline N-oxide (1) and adamantyl methyl ketone (2), were titrated into solutions containing a mixture of MAC and cage in water. Guest 1 is known to bind from previous work, 12,13 and guest 2 was identified by molecular modeling. As the competing guest increased in concentration and bound to the cage, MAC was displaced and the fluorescence at 443 nm increased in intensity (Figure 3 ). Fitting the fluorescence data to an isotherm that (ii). Binding Studies on Aliphatic Ketones. The automated fluorescence displacement assay was used to evaluate the 21 aliphatic ketones 3−23 shown in Scheme 1 as potential guests (Table 1 ; representative data sets from the assay are given in the Supporting Information). The carbonyl group confers water solubility and is a hydrogen-bond acceptor, which we have shown previously to be important for interactions with one of the two hydrogen-bond donor sites on the interior surface of the host. 12 The ketones feature a variety of different hydrophobic carbon cores of varying size and shape, providing a means of probing the internal dimensions of the host cavity. The results in Table 1 are discussed as two separate families of guests: 3−12 are a homologous series of cyclic aliphatic ketones of increasing ring size from C 5 to C 14 , which probe the overall capacity of the cavity (series A); 13−21 (and 8) are a series of aliphatic ketones that have a C 10 skeleton but different shapes and degrees of flexibility (series B). Guests 22 and 23 were used to test predictions about binding arising from measurements on series A. The largest compound in series A, 12, was not sufficiently soluble in water even at micromolar levels for a For the series A guests, the association constant increases steadily with the number of carbon atoms in the ring, N C , up to cycloundecanone (9) (N C = 11; K = 1.2 × 10 6 M −1
) and then drops by an order of magnitude for cyclododecanone (10) ) ( Table 1 ). Molecular volume calculations indicate that the strongest-binding guest 9 has a volume of 205 Å 3 , equivalent to 50% of the host cavity volume, which lies in the range 55 ± 9% noted by Rebek.
2a,11 (In fact, guest 10, whose volume is 55% of the cavity volume, appears to have a slightly more optimal size. However, we note that there is some uncertainty in the estimation of the cavity volume of the host due to the presence of the portals in the faces of the cubic assembly, so the values of the fractional occupancies of the guests are likewise subject to some uncertainty).
The relationship between the free energy change upon complexation, ΔG°, and the number of carbon atoms, N C , for the series A ketones is shown in Figure 4 . From 3 to 9, ΔG°is a linear function of N C (R 2 > 0.99), with each addition of a CH 2 group stabilizing the complex by ca. 5 kJ mol −1 as a result of the increase in hydrophobic surface area (see below). For guests 9−11, we see a reversal of the previous trend, with a steady decrease in binding strength as the guests become increasingly too large. There are only three points in this series (12 was too insoluble for the assay), but the steady decrease in ΔG°with increasing steric bulk once the capacity of the host is exceeded is clear. Figure 5 shows the relationship between the free energy change upon complexation, ΔG°, and the molecular surface area of the guest, SA. For the series A ketones 3−9 (i.e., before steric problems become important), ΔG°is a linear function of SA (open data points, R 2 > 0.99), with a slope of 0.3 kJ mol
. This value is consistent with previous correlations of the magnitude of the hydrophobic effect with burial of nonpolar surface area obtained from both biological and artificial systems. 20 For example, Fersht and co-workers showed that burial of methylene chains upon protein folding increased the stability by 1.5(6) ) for the change in stability associated with a change in hydrophobic surface area. 20g In nonbiological systems, experimental data on the free energy of transfer of alkanes from water to n-hexadecane shows that each additional CH 2 group in the solute decreases the free energy of phase transfer by 3.6 kJ mol −1 , which equates to 0.2 kJ mol −1 per square angstrom of solute molecular surface area.
15g When a guest binds inside the cage cavity, not only is the guest transferred from an aqueous environment to a hydrocarbon environment, but the internal surface of the cage is also desolvated to make contact with the guest hydrocarbon surface. Thus, the maximum possible free energy contribution to binding is expected to be double that for the free energy of phase transfer ; that is, complete desolvation of an alkane guest in an alkane cavity that makes optimal contact with the entire surface of the guest would be expected to result in a stabilization of the complex of 0.4 kJ mol
The observed stabilization of 0.3 kJ mol −1 Å −2 in the cage complexes ( Figure 5 ) is somewhat less than this, consistent with the fact that the internal surface of the cage is significantly more polar than an alkane, as shown by its ability to act as a hydrogen-bond donor.
12
We can consider the guests to be composed of a nonpolar (hydrocarbon) region and a polar (carbonyl) region. The surface areas of the series A guests can be described by eq 1, which is the best-fit straight line to the graph of SA versus N CH 2 , the number of CH 2 groups in the guest (see the Supporting Information):
(1) 
Combining eq 2 with the line of best fit to the −ΔG°versus SA data shown in Figure 5 gives eq 3:
The second term on the right-hand side represents the favorable hydrophobic contribution to guest binding associated with the CH 2 groups, as discussed above. The first term is a constant unfavorable contribution of 13 kJ mol −1 to the change in free energy upon complexation due to binding of the polar carbonyl group. The unfavorable free energy change associated with the formation of a bimolecular complex in solution is 6 kJ mol −1 , 21 which implies that binding of the carbonyl group in the cage is associated with an unfavorable free energy change of 7 kJ mol −1 . This adverse free energy change reflects the thermodynamic cost of desolvation of the carbonyl oxygen upon its removal from water, for which the formation of weaker interactions with the CH groups in the polar binding site inside the cage does not fully compensate.
The second series of guests (series B: 8 and 13−21) are all C 10 ketones with similar volumes (162−202 Å 3 ) and surface areas (170−236 Å 2 ) but different shapes. In this case, there is no simple correlation between ΔG°and SA (solid circles in Figure 5 ). Comparison of the parent series A cyclohexanone (4) with the three isomeric substituted series B cyclohexanones 14, 15, and 18 is instructive. Whereas 4 binds weakly (K = 58 M −1 ), 14, 15, and 18 all bind with much higher affinities (K = 16 000, 8700, and 75 000 M −1 , respectively). The higher binding affinity of the substituted compounds is due to the increase in nonpolar surface area (an additional ca. 70 Å 2 in each case), which means that the larger guests are better able to fill the cavity and form favorable hydrophobic interactions with the interior surface of the cage. However, the association constants for 14, 15, and 18 span an order of magnitude, even though these compounds have similar molecular volumes and surface areas. These guests are close to the limiting volume that the cage can accommodate, so small changes in structure have a large effect on the binding affinity. 12 The most symmetrical guest, disclike 18, fits best into the cavity in the cage, whereas the unsymmetrical shape of 14 and the elongated shape of 15 make them slightly less complementary guests, presumably because of adverse steric interactions with the walls of the cavity. Similarly, comparison of 8 and its more rigid bicyclic analogue 13 shows how rigidification of a guest can have a detrimental effect on binding, as 13 is a poorer shape match for the cavity than disc-shaped 8.
The two acyclic ketones 20 and 21 show no detectable binding (K < 1 M
−1
). These molecules can adapt to any shape required to bind inside the cage, and the fact that cyclic ketones with similar molecular volumes bind strongly suggests that the size and shape of the cavity should not present a problem for the acyclic guests. However, there are both enthalpic and entropic penalties associated with reorganizing these compounds to fit inside the cage. The lowest-energy conformations of 20 and 21 are extended with all of the carbon−carbon bonds in a staggered conformation, and these bonds must adopt highenergy gauche conformations to fold the molecules up into compact structures that will fit inside the cage. 22 In addition, 20 and 21 are conformationally flexible and can adopt a significantly larger number of conformations in solution than inside the cage, so there is an entropic penalty associated with reducing the size of the conformational ensemble upon binding.
Comparison of the strong correlation of ΔG°with SA within series A (as far as guest 9 but not beyond) with the absence of any correlation of ΔG°with SA for series B clearly shows the limits within which we can predict with confidence the binding strengths of other guests of the aliphatic ketone family. To test this, we evaluated guests 22 and 23 whose bicyclic nature gives them surface area/volume values that lie between the limits of the linear correlation region of series A but do not exactly match any members of the series. From the trend line shown in Figure 5 and the calculated surface areas of 22 and 23, we can predict ΔG°values for binding of −11.7 and −20.3 kJ/mol, which translate to predicted association constants of 110 and 3600 M −1 , respectively. These are in excellent agreement with the measured values determined using the fluorescence displacement assay (Table 1) .
(iii). Crystal Structure of a Complex. An X-ray crystal structure of the complex with guest 9 (the most strongly binding of the guests we investigated) bound inside the cage is shown in Figures 6−8 . We found that growing crystals from solvents containing excess guest afforded only the empty cage, whose structure we reported recently. 13 However, immersing preformed crystals of the cage in neat cycloundecanone (containing a drop of methanol to prevent desolvation of the crystals) resulted in uptake of the guest without damaging the crystals. This technique has been used by others to characterize guest species in the cavities of porous coordination networks and other inclusion compounds, which in many cases can retain their crystallinity following reversible uptake/release of guests in the solid state.
23
The conformation of the cage is not affected by the presence of the guest, which is disordered over two symmetrically equivalent orientations (only one is shown). The oxygen atom of the guest carbonyl group was straightforward to identify in the electron density map on the basis of the polar interactions with well-defined sites on the interior surface of the cage that hold it in place (see below), but the carbon atoms required geometric restraints to allow the construction of a reasonable model that gave a stable refinement.
The disc-shaped guest is located centrally in the cavity with the carbonyl group projected toward one of the two regions of high positive electrostatic potential associated with the fac trischelate sites, which lie at either end of the long diagonal of the cube (Figures 6 and 7) . These are the regions where several CH protons from methylene and naphthyl groups converge to form a binding pocket for hydrogen-bond-acceptor guests. 12, 13, 24 The carbonyl oxygen makes short contacts of between 2.54 and 3.06 Å with four CH protons in this pocket ( Figure 7) . The Co···O separation in this site is 5.72 Å, which is similar to that observed for solvent molecules that occupy this position in other crystal structures. 12, 13, 24 Previous work suggests that these interactions contribute significantly to binding in organic solvents 12 but make little contribution to the binding affinity in water because the formation of CH···O interactions between the cage and the guest requires displacement of water OH···O and CH···O interactions. 13 However, these polar interactions are important in determining the orientation of the guest, and the presence of two fac trischelate sites in the cavity accounts for the two degenerate binding modes found for 9 in the crystal structure (the alternate disordered component of guest 9 is symmetrically equivalent by inversion across the center of the cavity, oriented such that it interacts with the structurally identical binding pocket at the other end of the long diagonal). Figure 8 , which displays a slice through the center of the structure in space-filling mode with the guest colored in green, shows that 9 does not completely fill the cavity of the cage; it makes contact with the cage surface around its "equator" but there is space on either face of the guest disc where contact with the cage is poorer. Thus, there is a slight mismatch between the shapes of the pseudospherical cavity and the disc-shaped guest; a more spherical guest that would make better contact with all of the cage internal surface would therefore be expected to bind even more strongly. The conformation of 9 bound inside the cage is very similar to the minimum-energy conformation calculated for 9 in vacuo (Figure 9 ), indicating that 9 is almost perfectly preorganized for guest binding.
■ CONCLUSIONS
The development of a new fluorescence displacement assay for a water-soluble host cage has allowed a wide series of aliphatic ketones to be evaluated as guests in a systematic and quantitative study of guest binding in a coordination cage host. As the binding is dominated by hydrophobic effects, we have observed many examples of very strong binding, with the highest-affinity guest being cycloundecanone (9) (K = 1.2 × 10 6 M −1
), which has an association constant 2−3 orders of magnitude higher than those of the more polar guests we examined previously. 13 This complex has been structurally characterized and shows how (i) the alkyl backbone of the discshaped guest forms close contacts with the interior surface of the cavity and (ii) the carbonyl group is directed into the pocket at one of the two fac trischelate vertices that provide hydrogen-bond donor sites on the internal surface of the host. . Superimposition the calculated minimum-energy conformation of 9 in vacuo (green bonds) and the observed conformation in the X-ray crystal structure of the cage·9 complex (dark-blue bonds). The two series of guests studied show quite different behaviors: the observations within each series are interesting in themselves, but the difference between the two series is also noteworthy. With guests in series A, as long as the point where steric bulk becomes limiting is not reached, we see an excellent correlation between binding affinity and guest size. In particular, increments in guest binding affinity across the series are consistent with expectations based on the increased hydrophobic surface area. The peak is reached with guest 9, which fills 50% of the volume of the host cavity, close to the optimal guest volume of 55 ± 9% noted by Rebek. 2a, 11 Binding decreases beyond this, presumably for simple steric reasons.
Journal of the American Chemical Society
In contrast, with series B there is no such simple correlation between surface area and binding affinity. As these guests (all C 10 ) are close to the size limit that the cage cavity can accommodate, steric issues become dominant, with variations in shape and substitution pattern becoming more important than the relatively minor changes in hydrophobic surface area or molecular volume among a family of guests of generally similar bulk. Comparisons of 8 and 13 and of the three isomeric substituted cyclohexanones 14, 15, and 18 show how guests with more eccentric shapes are poorer fits for the pseudospherically symmetric cavity. The linear ketones 20 and 21 do not bind at all, which we ascribe to the enthalpy and entropy costs associated with the substantial conformational reorganization that would be required.
Thus, within certain limits, we can predict guest binding very well on the basis of the correlation between ΔG°and guest surface area. These limits are that (i) the guests need to be preorganized to the extent of being at least monocyclic and (ii) the guests need to be small enough for steric limitations on binding not to be an issue.
■ EXPERIMENTAL SECTION
The host cage [Co 8 L 12 ](BF 4 ) 16 was prepared according the published method. 13 All of the ketone guests were commercially available from Sigma-Aldrich and used as received. 1 H NMR spectra were recorded on a Bruker Avance-III 400 MHz instrument.
The fluorescence displacement assay was carried out by preparing a stock solution of MAC (0.01 mM) and cage (0.04 mM) in distilled water. A 10 mL sample of the guest under investigation at a higher known concentration (0.85−12.0 mM) was made using the MAC/ cage stock solution. To 12−24 wells of a Griener Bio-one μClear black 384-well plate were added aliquots of the MAC/cage stock solution (0−100 μL) and the guest solution (0−100 μL) in different proportions to a total volume of 100 μL in each well. The fluorescence emission at 450 nm (using 400 nm excitation to avoid the competing absorption by ligands in the cage) was measured for each well using a BMG FLUOstar Omega plate reader equilibrated at 298 K. From the known value of the cage·MAC association constant (2.0 × 10 4 M −1 ), changes in fluorescence emission were fit in Microsoft Excel to an isotherm that allowed for the presence of two competing 1:1 complexes to obtain the association constant for guest binding. Each titration was repeated at least three times, and the experimental error is quoted as twice the standard deviation at a precision of one significant figure.
The gas-phase minimum-energy conformation of 9 (Figure 9 ) was calculated using a conformational search in Macromodel 25 with the MMFF force field. Molecular volumes and surface areas were calculated from the 0.002 bohr Å −3 isodensity surface obtained by B3LYP 6-31G* density functional theory calculations implemented in Spartan. , T = 100(2) K, λ(Mo Kα) = 0.71073 Å, μ = 0.388 mm −1 ; 129 875 reflections with 2θ max = 50°were merged to give 38 209 independent reflections (R int = 0.0712); final R 1 [for data with I > 2σ(I)] = 0.187, wR 2 (all data) = 0.525. The structure was solved and refined using the SHELX suite of programs. 28 The asymmetric unit contains one-half of the cage complex, which lies astride an inversion center, as well as one complete guest molecule, whose atoms all have site occupancies of 0.5. Thus, the complete complex contains one guest molecule disordered over two symmetrically equivalent (and spatially overlapping) orientations with the O atom pointing toward diagonally opposite corners Co(1) and Co(1A). The usual disorder of anions/solvent molecules and solvent loss characteristic of cage complexes of this type resulted in weak scattering, necessitating use of extensive geometric and displacement restraints to keep the refinement stable; these are described in detail in the CIF provided in the Supporting Information. We could locate and refine five of the expected eight [BF 4 ] − anions in the asymmetric unit. The presence of large regions of diffuse electron density that could not be modeled, accounting for the remaining anions plus solvent molecules, required use of the "Solvent Mask" function in the OLEX-2 software package.
29
The thermal displacement parameters of the atoms of the guest molecule in the cage cavity are larger than those of the rest of the cage structure. This could arise from unresolved positional disorder or from the fact that the fraction of cage cavities occupied by guest molecules is less than 100%. We assumed the former explanation and left the site occupancies at 0.5 for each disordered component for the final refinement (i.e., one complete guest molecule per host cage). Overall, the final R 1 value of 18.7% is typical of cage structures of this type and is sufficient to establish the identity and connectivity of the complex.
■ ASSOCIATED CONTENT * S Supporting Information
Titration data used to determine binding constants; additional graphs of SA vs N CH 2 and ΔG°vs SA CH 2 used to derive eqs 1 and 3; and crystallographic data in CIF format. This material is available free of charge via the Internet at http://pubs.acs.org. The crystallographic data can also be obtained free of charge from The Cambridge Crystallographic Data Centre via www. ccdc.cam.ac.uk/data_request/cif.
